The M-current regulates the subthreshold electrical excitability of many neurons, determining their firing properties and responsiveness to synaptic input. To date, however, the genes that encode subunits of this important channel have not been identified. The biophysical properties, sensitivity to pharmacological blockade, and expression pattern of the KCNQ2 and KCNQ3 potassium channels were determined. It is concluded that both these subunits contribute to the native M-current.
The M-current regulates the subthreshold electrical excitability of many neurons, determining their firing properties and responsiveness to synaptic input. To date, however, the genes that encode subunits of this important channel have not been identified. The biophysical properties, sensitivity to pharmacological blockade, and expression pattern of the KCNQ2 and KCNQ3 potassium channels were determined. It is concluded that both these subunits contribute to the native M-current.
The M-current is a slowly activating and deactivating potassium conductance that plays a critical role in determining the subthreshold electrical excitability of neurons as well as the responsiveness to synaptic inputs (1) (2) (3) . The M-current was first described in peripheral sympathetic neurons (4, 5) , and differential expression of this conductance produces subtypes of sympathetic neurons with distinct firing patterns (3) . The M-current is also expressed in many neurons in the central nervous system (CNS) (1, 6, 7) .
To date, the molecular identity of the channels underlying the M-current remains unknown. Here we show that the KCNQ2 and KCNQ3 channel subunits can coassemble to form a channel with essentially identical biophysical properties and pharmacological sensitivities to the native M-current and that the pattern of KCNQ2 and KCNQ3 gene expression is consistent with these genes encoding the native M-current.
The KCNQ potassium channel gene family has three members: KCNQ1 (KvLQT1), KCNQ2, and KCNQ3 (8) (9) (10) (11) (12) . Injection of KCNQ2 mRNA into Xenopus oocytes resulted in the consistent expression of a relatively small potassium current that is slowly activating and deactivating (Fig. 1A) . The properties of this channel are essentially identical to those described previously (11) . In contrast, injection of KCNQ3 mRNA did not result in the expression of a current above background level. When the KCNQ2 and KCNQ3 mRNAs were coinjected, however, the resultant current was 11-fold larger than that found in cells injected with KCNQ2 mRNA alone (Fig. 1, A and B) . The large increase in current density after coinjection of KCNQ3 mRNA suggests that the KCNQ3 subunit facilitates expression of the KCNQ2 subunits, possibly by the formation of a heteromeric complex of KCNQ2 and KCNQ3 subunits. Expression of a relatively small current after KCNQ3 mRNA injection into oocytes has been reported (13) , suggesting that the KCNQ3 subunit can function as a homomeric channel under some experimental conditions. It is possible, however, that assembly with the endogenous Xenopus KCNQ subunit (14) may facilitate KCNQ3 expression in these experiments.
In addition to affecting current density, the KCNQ3 subunit affects the sensitivity of the KCNQ2 channel to blockade by tetraethylammonium (TEA). The homomultimeric KCNQ2 channel was very sensitive to TEA [dissociation constant (K d ) ϭ 0.16 Ϯ 0.02 mM, n ϭ 5], whereas channels expressed after coinjection of KCNQ2 and KCNQ3 mRNAs were much less sensitive (K d ϭ 3.5 Ϯ 0.7 mM, n ϭ 6). The KCNQ2 and KCNQ3 subunits differ within the pore region, at a position that determines sensitivity to blockade by TEA (Fig. 1C) . The KCNQ2 subunit has a tyrosine residue at this position, which confers high sensitivity to TEA, whereas the KCNQ3 channel has a threonine residue, which confers low sensitivity to TEA (15 those of the native M-current. Characteristic kinetic properties of the M-current include a relatively negative activation curve, a substantial steady-state conductance at Ϫ30 mV, and slow activation and deactivation kinetics (3, 5) . By use of the classic M-current voltage-clamp protocol (4), the KCNQ2ϩ KCNQ3 channel closely replicated the waveform of the native M-current ( Fig. 2A) . The activation waveform was similar for the two currents, although the native current appeared to activate slightly faster (Fig. 2B) . The conductance-voltage curves were very similar for the two channel types with the threshold for activation near Ϫ60 mV and most of the channels activated at Ϫ30 mV (Fig. 2C) . The deactivation kinetics of the M-current are biphasic (17) , and this was also true for the KCNQ2ϩKCNQ3 channel (Fig. 2D ). Both channel types had similar time constants for the two components of deactivation. Deactivation time constants at Ϫ50 mV for the M-current were 145 Ϯ 25 ms and 838 Ϯ 125 ms (fast component, 55 Ϯ 3% of total; n ϭ 4), and for KCNQ2ϩKCNQ3 were 171 Ϯ 12 ms and 857 Ϯ 146 ms (fast component, 49 Ϯ 3%; n ϭ 9). At Ϫ60 mV these values were, for the M-current, 126 Ϯ 28 ms and 934 Ϯ 117 ms (fast component, 60 Ϯ 2%; n ϭ 4), and for KCNQ2ϩKCNQ3, 149 Ϯ 9 ms and 741 Ϯ 69 ms (fast component, 59 Ϯ 3%; n ϭ 9). For both the native M-current and the KCNQ2ϩKCNQ3 channels, the time constant of the fast component was voltage sensitive (Fig. 2E) , whereas the slow component was relatively insensitive to voltage over the same voltage range.
Although the kinetic properties of the KCNQ2ϩKCNQ3 channel were very similar to those of the native M-current, it is important to establish other criteria that can be used to determine the molecular identity of the native conductance. One obvious approach is to determine the sensitivity of candidate channels to muscarinic inhibition, the characteristic that gives the M-current its name. We find that the KCNQ2ϩKCNQ3 channel is strongly inhibited by muscarine when coexpressed in Xenopus oocytes with the m 1 muscarinic receptor (18) . This criterion is too broad to be very useful for at least two reasons. First, a wide range of potassium currents in addition to the M-current are inhibited in sympathetic neurons after muscarinic receptor stimulation (19) . Second, many different cloned potassium channels are inhibited after stimulation of coexpressed m 1 muscarinic receptors. The M-current is sensitive to blockade by Ba 2ϩ ions (1) and the KCNQ2ϩKCNQ3 channel is similarly sensitive (67 Ϯ 3% block by 1 mM Ba 2ϩ , n ϭ 5). This criterion is also too broad, however, with many other potassium channels showing a similar sensitivity to Ba 2ϩ ions. Another approach is the use of selective blocking drugs. Two drugs that are useful in establishing the identity of the M-channel are linopirdine and 10,10-bis(4-pyridinylmethyl)-9(10 H)-anthracenone (XE991) (20) . Linopirdine blocks the M-current at micromolar concentrations by direct channel blockade (21-23). The IC 50 for block of the Mchannel in sympathetic neurons by linopirdine is in the range 3.4 to 7.0 M (22, 23) . (32) and KCNQ2ϩKCNQ3 channels. Holding potential was Ϫ30 mV and membrane potential was stepped to more negative potentials for 1 s in 10-mV increments. Apparent differences in the current waveforms are largely due to the presence of a linear leak current in the recordings from SCG neurons that is relatively smaller in the oocytes. The initial phase of M-current reactivation in SCG neurons is obscured by activation of the A-current. (B) Activation of M-current and KCNQ2ϩKCNQ3 channels from a holding potential of Ϫ60 mV in 5-mV increments. (C) Conductance-voltage curves fitted with a single Boltzmann function. For the native M-current the fit is to averaged data points, with V n ϭ Ϫ44 mV and k n ϭ Ϫ8.8 mV (n ϭ 6, bars are SEMs). For KCNQ2ϩKCNQ3 channels, V n ϭ Ϫ40 Ϯ 1 mV and k n ϭ Ϫ6.8 Ϯ 0.1 mV (n ϭ 6, bars are SEMs). Conductance-voltage curves for KCNQ2ϩKCNQ3 channels were constructed with tail currents at Ϫ60 mV after depolarizing voltage steps from a holding potential of Ϫ70 mV. (D) Deactivation process had two time constants for both channel types. Time constants for deactivation are shown next to current traces for steps from Ϫ30 mV holding potential to Ϫ50 mV (top trace) or Ϫ60 mV. Biexponential fits are superimposed on the experimental data. (E) Reciprocal time constant for fast deactivation of the native M-current and KCNQ2ϩKCNQ3 channels. Data points are averages from three to nine cells for the native M-current and nine cells for KCNQ2ϩKCNQ3. Data were fitted with the equation (5) The related compound XE991 has an IC 50 of 0.98 Ϯ 0.15 M (Fig. 3C) . Only one class of voltage-gated potassium channels had a pharmacological profile similar to that of the native M-current: the KCNQ channels, which were blocked by both XE991 and linopirdine at very similar concentrations to the native M-current (Table 1) . Of particular interest was XE991, which had both high affinity and selectivity for the native M-channel and KCNQ channels. No eag-or Shaker-related channel tested had a similar sensitivity. Unlike the KCNQ2 and KCNQ3 channels, the KCNQ1 channel cannot contribute to the native M-channel because the KCNQ1 gene is not expressed in either sympathetic ganglia (24) or the CNS (8) .
Consistent with the high selectivity of XE991 for the M-current is its effect on the firing properties of sympathetic neurons. In the rat, there are two classes of sympathetic neurons: phasic-firing neurons, which have a relatively large M-current, and tonic-firing neurons, which do not express an M-current (3). We have shown previously that differential expression of the M-current is the primary determinant of the different firing properties of phasic and tonic neurons (3). This conclusion is confirmed by the observation that blocking the M-current in phasic neurons with 10 M XE991 converts the firing properties from phasic to tonic without affecting any other electrophysiological properties, including the slow after-hyperpolarization (Fig. 3E) .
The expression pattern of KCNQ2 and KCNQ3 genes in sympathetic ganglia is consistent with these genes encoding subunits of the M-channel. The expression of multisubunit proteins is often regulated by limiting the expression of a single subunit, and this is apparently true for the M-current. The superior cervical ganglia (SCG) contain only phasic neurons, whereas the prevertebral sympathetic ganglia (celiac ganglia and superior mesenteric ganglia) contain predominantly tonic neurons (Fig. 4A) . The gene regulating expression of the M-channel should, therefore, be expressed at substantially lower levels in prevertebral sympathetic ganglia than in the SCG, and KCNQ2 gene expression does in fact closely parallel M-current expression in these ganglia (Fig. 4B) . Of the 24 different voltage-gated potassium channel genes tested to date, no other gene has a similar expression pattern in sympathetic ganglia (25, 26) . The KCNQ3 gene was expressed at approximately equal levels in both SCG and prevertebral ganglia (Fig. 4C) . The KCNQ3 subunit expresses poorly or not at all when expressed by itself in vitro and it is likely, therefore, that M-current expression in sympathetic ganglia is determined primarily by regulation of KCNQ2 gene expression.
In the CNS, the M-current is expressed in many neurons in the cortex and hippocampus but has not been described in the cerebellum. In contrast to the peripheral nervous system, KCNQ2 gene expression does not parallel M-current expression in these CNS regions, and the KCNQ2 gene was expressed at relatively high levels in all three regions (Fig.  4D) . The KCNQ3 gene, however, was expressed at much lower levels in the cerebellum than in cortex and hippocampus, like the M-current (Fig. 4E) , suggesting that regulation of KCNQ3 gene expression is also important in determining M-current expression levels in vivo. This conclusion is consistent with the in vitro results demonstrating that expression of the KCNQ2ϩKCNQ3 heteromultimeric channel is much more efficient than that of the KCNQ2 homomultimer.
Taken together, these results strongly suggest that the KCNQ2 and KCNQ3 subunits contribute to the native M-channel. The KCNQ2ϩKCNQ3 channel is the only known potassium channel that can reproduce the unique kinetic properties of the native M-cur- Table 1 . Comparison of M-current and cloned potassium channels: IC 50 for linopirdine and XE991 blockade. The number of cells is indicated in parentheses. IC 50 values (mean Ϯ SEM) are expressed in micromolar. In cases where the IC 50 values were Ͼ100 M, the exact value is not reported owing to limited solubility of the drug. It has been suggested that eag-related potassium channels might encode the M-current (29) , and all the eag-related channels expressed in SCG (26) were tested in addition to representative examples of delayed-rectifier and A-channels. 
*Blockade of the eag1 channel was incomplete with 82 Ϯ 1% (n ϭ 4) blockade by 1 mM linopirdine and 56 Ϯ 2% (n ϭ 6) blockade by 100 M XE991. †Data adapted from Costa and Brown (23); a similar value of 3.4 Ϯ 0.3 M was obtained by Lamas et al. (22) .
‡The IC 50 for block of elk1 channels by linopirdine was highly voltage dependent, and the value shown is for a step to Ϫ10 mV. IC 50 values ranged from 26 Ϯ 3 M at Ϫ20 mV (n ϭ 7) to 144 Ϯ 10 M at ϩ30 mV (n ϭ 3). rent, and several different pharmacological agents have very similar effects on the native M-current and the KCNQ2ϩKCNQ3 channel. In particular, the compound XE991 is highly selective for both the M-current and KCNQ channels. Finally, the KCNQ2 gene is the only known potassium channel gene that is expressed in a pattern that parallels the distribution of the M-current in peripheral sympathetic ganglia. These data make a compelling case for the hypothesis that the KCNQ2ϩKCNQ3 channel is a molecular correlate of the M-current in sympathetic neurons.
The KCNQ2 and KCNQ3 genes are also abundantly expressed in the CNS, and it is likely that the KCNQ2ϩKCNQ3 subunits contribute to the M-current in central neurons. This conclusion is consistent with the observation that mutations in either the KCNQ2 or KCNQ3 genes result in an inherited autosomal dominant epilepsy (10) (11) (12) . The very similar phenotypes produced by mutations in either of these two distinct genes (27) can be explained by the observation that both gene products are required to produce full expression of functional channels. Identification of the physiological function of the channel encoded by the KCNQ2 and KCNQ3 genes may facilitate the development of symptomatic treatments for these epilepsies.
